In a recent study we showed that repetitive transcranial magnetic stimulation (rTMS) with train duration of 400 ms over right frontal and right posterior parietal cortices gives rise to transitory contralateral visuo-spatial neglect in normal subjects. In the present experiment we investigated whether using single-pulse TMS it is possible to obtain information about the timing of cortical activity related to spatial cognition. Nine healthy subjects performed in baseline condition and during TMS a tachistoscopic task, requiring a forced-choice estimation of the length of the two segments of prebisected horizontal lines. Single-pulse TMS was triggered at various time intervals (150 ms, 225 ms, 300 ms) after visual stimulus onset with a focal coil over P6 and F4 (according to 10/20 EEG system). Relative transitory rightward bias was observed only when parietal TMS was delivered 150 ms after visual stimulus presentation. Frontal stimulation induced no effect on visuo-spatial perception with the time intervals explored.
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INTRODUCTION
Functional neuroimaging techniques have complemented previous studies of brain-injured patients in identifying a circuitry of interconnected cortical and subcortical areas involved in visuo-spatial attention in humans [1±3] . This network includes posterior parietal cortex, cingulate cortex and dorsolateral premotor-prefrontal cortex [2, 4] . Neuroimaging studies suggest that all the three components are probably engaged simultaneously and interactively by attentional tasks [2, 5] . The poor temporal resolution of functional neuroimaging methods, however, prevents any meaningful analysis of the temporal sequence of taskrelated activations.
In the last few years TMS has largely been used to transiently disrupt the function in the underlying neural tissue [6±8], allowing to identify which cortical regions are responsible for a certain behaviour and to establish the time course of their activity [9±11] .
In a recent study we showed that repetitive transcranial magnetic stimulation (rTMS) over right frontal and posterior parietal cortex gives rise to transitory contralateral visuo-spatial neglect in normal subjects [12] .
The aim of the present investigation was to determine the timing of frontal and parietal activity in visuo-spatial attention and to verify whether the contributions of the frontal and parietal cortices to the processing of visuo-spatial information have the same (or different) time-courses.
To address this question, single-pulse TMS was given at various time intervals on right parietal and frontal areas to normal subjects performing a visuo-spatial task. Three intervals (150 ms, 225 ms and 300 ms) were selected on the basis of the following considerations: (1) interference with frontal and parietal cortex activity occurred during rTMS trains of 400 ms duration [12] ; (2) high-order visuo-spatial processes should follow earlier visual perception, that was found to be processed in the occipital lobe within 140 ms [6] .
MATERIALS AND METHODS
We studied ten right-handed normal volunteers aged 20± 68 years (mean 32.3 AE 15.9 years) with no evidence of brain dysfunction. We examined their performance on a computerized visuo-spatial task, in baseline condition (without TMS) and during TMS. Subjects were seated comfortably on a chair at reading distance in front of a computer screen (28 cm wide and 20 cm high). The subject's seat was positioned so that eye level was at the middle of the display monitor that was centered on his/her sagittal midplane.
The experimental apparatus consisted of a computerassisted system able to deliver TMS shocks time-locked to visual stimuli presented on the monitor.
The experimental procedure was approved by the local ethical committee and all subjects gave informed consent to participate in the experiment.
Magnetic stimulation:
We used a Cadwell high-frequency magnetic stimulator with a ®gure-of-eight coil. TMS was performed on two different sites on the scalp, over right posterior parietal and over frontal premotor areas at P6 and F4 locations on the scalp (according to the 10/20 EEG system). The localization of brain areas was performed by means of MRI scans of the right hemisphere of a single subject, marking stimulation sites on the skull (F4 and P6) with capsules containing soya oil. F4 was found to be localized over the second frontal gyrus (near to the precentral sulcus) and P6 over the intraparietal sulcus (Fig. 1) . The stimulation consisted of single-pulse stimuli at an intensity of 15% above motor threshold (MT), triggered at various time intervals (150 ms, 225 ms, 300 ms) after visual stimulus onset. MT was determined as the minimum stimulus intensity able to elicit a motor evoked potential (MEP) of > 50 ìV in controlateral abductor pollicis brevis in > 5 of 10 consecutive stimulations.
Visual stimulation: Visual stimuli consisted of a black 1 mm thick horizontal line transected by a 1 mm thick and 1 cm high vertical bar, presented on a white background with the transector exactly coincident with the center of the screen. Five lines were presented, differing in the position of the transector (at midpoint, rightward or leftward) and in the overall length of the line and of its right and left segments (Fig. 2) . Tachistoscopic stimulus presentation of 50 ms duration was used to prevent eye scanning. Before stimulus presentation the patient was required to ®xate a central target (an upward pointing arrow) that disappeared as soon as the visual stimulus was¯ashed. After stimulus presentation the subject made forced-choice decision about the respective length of the two segments, with three verbal response possibilities: equal, longer right or longer left.
Baseline and TMS conditions were randomly intermixed and counterbalanced across subjects. Subjects were given, in separate sessions, two blocks of 126 trials: seven experimental conditions (baseline and parietal/frontal TMS at 150, 225 and 300 ms intervals) 3 ®ve lines (six repetitions for line 1 and three repetitions for lines 2±5). Trials were separated by intervals of > 30 s.
The performance of the subjects on each trial was Statistical analysis was performed using repeated-measures ANOVA with signi®cance level at p , 0.05.
RESULTS

Subjects did not complain of any harmful effects of TMS.
No evident eye movements or blinks were observed throughout the experiment. Results are shown in Fig. 3 . A repeated-measures ANOVA comparing mean response values of baseline and parietal TMS with condition (four levels: baseline and three time intervals) and line type (three levels: exactly bisected, right-elongated and leftelongated) as within-subjects factors showed a signi®cant main effect of condition (F 3.17; p , 0.02). Post-hoc analysis (Duncan's multiple range test) showed that TMS delivered 150 ms after stimulus presentation determined a signi®cant left under-evaluation compared to the other conditions (vs baseline: p , 0.01; vs 225 ms: p , 0.02; vs 300 ms: p , 0.01). The pattern of responses was consistent across line types as shown by the non signi®cant condition 3 line interaction (F 1.6; p 0.1). ANOVA comparing baseline and frontal TMS showed no signi®cant main Fig. 1 . MRI scan of a representative subject. Two lines were drawn at each point of TMS (frontal and parietal): one tangential and one perpendicular to the skull inside the gray matter. The frontal site was found to be localized in the frontal lobe over the second frontal gyrus; the parietal site in the parietal lobe over the intraparietal sulcus. effects. An additional ANOVA performed with TMS interval (three levels) and stimulation site (two levels) as within-subjects factors showed a signi®cant two-way interaction (F 4.11; p , 0.01), indicating that the effect of intervals was different between the sites. Post-hoc analysis revealed a signi®cant difference of parietal vs frontal TMS at 150 ms ( p , 0.02).
DISCUSSION
The novelty of our study is that single-pulse TMS over right parietal cortex is able to interfere with higher order visuo-spatial processes when delivered 150 ms after visual stimulus presentation. The timing of interference corresponds to when the contribution of the parietal cortex is necessary to the performance of the visuo-spatial task.
Amassian et al. [6] ®rst demonstrated that single-pulse TMS delivered over human calcarine cortex abolishes perception of three random letters¯ashed 80±100 ms previously. Perception of letters was reduced at 60±80 and 100±140 ms intervals. The authors concluded that magnetic pulse was ineffective before 60 or after 140 ms because it was given either prior to the arrival of the input at visual cortex or after the information had been relayed to higher centers respectively. In this sense, the timing of TMS (neglect-like) effects on parietal cortex matches the timing relative to the transfer of visual information from occipital to parietal cortex. To our knowledge this is the ®rst TMS study concerning temporal aspects of right parietal activity related to cognitive visuo-spatial processing in normal humans.
Previous neurophysiological studies using TMS investigated the timing of activity in early visual cortex [11, 13] and the temporal aspects of visual search in extra-striate areas [9] . The exit of information¯ow from calcarine cortex trough the higher visual processing centers takes about 20 ms and, to process visual information, the extrastriate cortex requires a delay until 150 ms due also to corticocortical conduction time [13] .
Similar information was obtained from ERP data, that studied the time course of visual processing in humans and its modulation by spatial attention. They suggest that spatial attention exerts a gain control of sensory information¯ow in the visual pathways between 80 and 200 ms after stimulus onset, peaking at 150±160 ms over parietal areas [14] . Functional anatomical and single-unit recording studies indicate that a set of neural signals in parietal cortex mediates the covert allocation of attention to visual locations. This area interacts with extrastriate regions of the ventral visual system during object analysis to enhance visual processing [2] . Our results suggest that the cognitive aspects of visuo-spatial tasks are processed in posterior parietal areas in parallel (150 ms) with other attentional parameters selectively encoded by extrastriate cortex.
Recently, functional imaging [15, 16] and rTMS [12] studies used to determine the brain regions implicated in cognitive spatial tasks demonstrated that right prefrontal cortex and right posterior parietal cortex are activated in normal subjects performing line bisection judgements.
In the present experiment, no signi®cant effects of frontal TMS were found with the time-window used. Frontal stimulation was evidently ineffective at 150 ms, but Fig. 3 suggests a possible interference at later processing levels. Further investigation is required to clarify this point.
CONCLUSION
Our study con®rms that TMS over the right parietal cortex can induce phenomena of contralateral neglect in normal subjects and shows that the effect can also be obtained with single-pulse stimulation. The time of interference suggests that the contribute of the right parietal cortex to higher order visuo-spatial processes takes place around 150 ms after visual stimulus presentation.
